1.0 Introduction
================

There is increasing interest by the public in nutrition, functional foods, and nutritional supplements. The nutritional supplement market in the United States is estimated to be over \$1 × 10^10^y^-1^and growing \[[@B1]\]. Although dietary supplements are not intended to substitute for a healthy variety of food, millions of people complement their daily food intake with dietary supplements to ensure the requisite intake of essential nutrients required for proper bodily functions and good health. Formulations of multivitamin supplements typically include oxidation-sensitive vitamins, such as vitamin C and E, as well as minerals, such as iron and copper, in the same formulation. Minerals can have limited solubility, depending on their exact form. In addition redox active transition metals, such as iron and copper, can serve as catalysts for the oxidation of organic compounds. For example, adventitious, trace levels of iron and copper in near-neutral phosphate buffer readily catalyze the oxidation of ascorbate \[[@B2],[@B3]\]. Ferric iron is a standard reagent used to oxidize tocopherols to their corresponding quinones \[[@B4]\]. Thus, these metals could bring about the loss of antioxidants before absorption by the digestive system.

The rate of metal-catalyzed oxidations, *e.g*. by copper or iron ions, varies greatly with solubility and the ligand environment. In addition, the metal-catalyzed oxidation of ascorbate can lead to the oxidation of other substances in the solutions \[[@B5]\]. In fact the combination of iron and ascorbate has long been used to oxidize organics; the combination of these two reagents is referred to as the Udenfriend system and is used to for the hydroxylation of alkanes, aromatics, and other oxidations \[[@B6],[@B7]\]. The combination of iron and ascorbate has also been used as a tool to initiate oxidations in cells, especially the oxidation of cellular structures that have unsaturated lipids \[[@B8]\]. As might be predicted, the production of hydroxyl radical has been observed upon dissolution of supplement tablets containing ascorbate \[[@B9]\]. Co-supplementation of ferrous salts with vitamin C can increase oxidative stress in the gastrointestinal tract, reviewed in \[[@B10]\]. Thus, a challenge is to provide a multivitamin/multimineral formulation that facilitates solubilization of the minerals and at the same time blunts the propensity of redox active metals to catalyze unwanted oxidations.

Here we investigate the ability of the supporting matrix in supplemental minerals to minimize the metal-catalyzed oxidation of oxidation-sensitive vitamins, *e.g*. ascorbate and tocopherol. Fructose-based oligosaccharides, such as inulin, have been demonstrated to enhance the absorption of calcium, magnesium, iron, and zinc \[[@B11]-[@B13]\]. Intake of inulin is associated with positive health effects, including maintenance of bone structure \[[@B14]\] and bone mineral content \[[@B15],[@B16]\]. Here we examine the ability of this oligosaccharide in combination with amino acids (AAOS) to blunt metal-catalyzed oxidation of antioxidants.

2.0 Materials and methods
=========================

2.1 Materials
-------------

5,5-Dimethylpyrroline-1-oxide (DMPO; CAS\# 3317-61-1), 2\',7\'-dichlorodihydrofluorescein diacetate (CAS\# 4091-99-0), and ascorbic acid (50-81-7) were from Sigma Chemical Co. (St. Louis, MO); Trolox^®^(53188-07-1) was from Aldrich (Milwaukee, WI). Cupric carbonate(CAS\# 12069-69-1), copper sulfate (CAS\# 7758-99-8), copper glycinate (CAS\# 13479-54-4), ferrous sulfate (CAS\# 13463-43-9), glycine (CAS\# 56-40-6), L-aspartic acid (CAS\# 56-84-8), copper gluconate (CAS\# 527093), and inulin (molecular weight of approximately 5,000 Da, CAS\# 9005-80-5) were from Spectrum Chemicals & Laboratory Products, (New Jersey).

2.2 Amino Acid Oligosaccharide (AAOS) Matrices
----------------------------------------------

**2.2.1**The copper-AAOS system was prepared by suspending Cu carbonate with glycine or aspartic acid followed by inulin at final molar ratio 1:4:0.01. After stirring for 10 min at 80°C the mixture was dried in an oven. Absence of carbonate was confirmed with hydrochloric acid.

**2.2.2**The iron-AAOS system was prepared by first dissolving FeSO~4~(1 mol) in water; then NaOH was added to precipitate the iron. Glycine or aspartic acid (2 mol) was added to a suspension of the Fe-solids; the mixture was stirred and then dried in oven. To prepare the iron-AAOS matrix glycine or aspartic acid (1 mol) was suspended in water with the iron solids; then 0.01 mol of inulin was added. After heating at 80°C, the resulting mixture was dried in oven.

2.3 EPR Spectroscopy
--------------------

All EPR measurements were done using a Bruker ER-200 X-band EPR spectrometer. Samples (50 μL) in capillary tubes (0.5 mm i.d.) were examined at room temperature. EPR instrument settings were: (1) for ascorbate experiments - microwave frequency 9.71 GHz; center field 3472 G; scan rate 10 G/20 s; modulation amplitude 1.25 G; time constant 0.5 s; microwave power 10 mW; and instrument gain 2 × 10^6^; (2) for DMPO spin trapping (hydrogen peroxide plus iron or copper) - microwave frequency 9.71 GHz; center field 3472 G; scan rate 100 G/100 s; modulation amplitude 1.25 G; time constant 0.5 s; microwave power 10 mW; instrument gain was 2 × 10^6^; (3) for Trolox^®^experiments - microwave frequency 9.71 GHz; center field 3472 G; scan rate 60 G/50 s; mod amp 1.0 G; time constant 0.5 s; microwave power 20 mW; and instrument gain 2 × 10^6^; and (4) for transition metals - microwave frequency 9.71 GHz; center field 3415 G; scan rate 1000 G/100 s; modulation amplitude 2.5 G; time constant 0.5 s; microwave power 10^2^mW; instrument gain varied for different samples from 1.0 × 10^3^to 3.2 × 10^5^. Manganese in calcium oxide was used as a reference standard.

2.2 Dichlorodihydrofluorescein Oxidation
----------------------------------------

2\',7\'-Dichlorodihydrofluorescein diacetate was hydrolyzed in 20 mM NaOH at room temperature for 20 min to remove the acetate esters to produce 2\',7\'-dichlorodihydrofluorescein (DCFH~2~). Mineral stock solutions were prepared in de-ionized water. DCFH~2~(200 μL of 90 μM in 20 mM carbonate buffer, pH 7.0) and 80 μL of mineral solution (100 μM in 20 mM carbonate, pH 7.0) were mixed in a standard UV-Vis cuvette. The reaction was initiated by addition of 20 μL of 0.3% H~2~O~2~yielding a final concentration of 88 mM. Absorbance at 500 nm (ε~500~= 59,500 M^-1^cm^-1^\[[@B17]\] was monitored for 30 min.

3.0 Results and Discussion
==========================

3.1 EPR of Copper Complexes
---------------------------

To probe the nature of the aqueous copper complexes at different pH values we used EPR spectroscopy. When either CuSO~4~or CuAAC (5 mM) was dissolved in aqueous solution at pH 1, the resulting EPR spectra were single lines (g = 2.19; ΔH~pp~= 140 G), **Figure**[1](#F1){ref-type="fig"}. Similar spectra were observed when these complexes were dissolved in 0.5 M perchloric acid (not shown) consistent with the aqua-complex of copper. However, at near-neutral pH, the EPR of the ACC complex changed to that expected for a histidine-type complex \[[@B18]\]. This indicates that at neutral pH, typical amino acids can become ligands to copper(II).

![**EPR spectra of copper(II) compounds in different pH environments**. The copper (Cu^2+^) solutions were 5 mM in de-ionized water. The pH was adjusted with HCl or NaOH as appropriate. At pH 1, both forms of copper yield a single-line spectrum, g = 2.19, ΔH~pp~≈ 140 G. At pH 7, Cu(II)AAC has a g-value of 2.12 with a copper hyperfine splitting of 63 G.](1475-2891-9-61-1){#F1}

3.2 Ascorbate Oxidation is Slowed by AAOS
-----------------------------------------

Ascorbate readily oxidizes in aerated aqueous solutions. The rate is a function of pH, the higher the pH the greater the rate of autoxidation. However, in acidic and near-neutral solutions, the rate of ascorbate oxidation is principally controlled by the concentration of catalytic transition metals \[[@B2],[@B19],[@B20]\]. The rate of ascorbate oxidation is reflected in the rate of oxygen consumption as well as the concentration of the one-electron oxidation product, the ascorbate free radical \[[@B21]\]. To determine if AAOS slows the rate of iron- and copper-catalyzed oxidation of ascorbate we used EPR to determine the level and time course of ascorbate radical formation in near-neutral solutions of ascorbate, **Figure**[2](#F2){ref-type="fig"}. As anticipated, the introduction of iron or copper to near-neutral solutions of ascorbate resulted in an increase of the concentration of the ascorbate radical **Figure**[3](#F3){ref-type="fig"}. This is consistent with these metals catalyzing the oxidation of ascorbate. As the concentration of ascorbate decreases, the concentration of the ascorbate radical will decrease \[[@B21],[@B22]\]. We observed that the rate of loss of the ascorbate radical was significantly slowed by AAOS compared to sulfate forms of these metals. These results indicate that the AAOS complex slows the catalytic oxidation of ascorbate by copper and iron.

![**The EPR spectrum of the ascorbate free radical at different times**. g-factor (g) - 2.005; Hyperfine splitting constant (a^H^) - 1.8 G](1475-2891-9-61-2){#F2}

![**AAOS slows both iron- and copper-catalyzed oxidation of ascorbate, compared to their sulfate forms**. Loss of ascorbate free radical vs. time in different environments. Aqueous solutions (20 mM HEPES pH 7.2) contained 2.0 mM ascorbic acid. **Panel A**- FeSO~4~(0.45 mM); **Panel B**- CuSO~4~(0.39 mM).](1475-2891-9-61-3){#F3}

3.3. AAOS Blunts Formation of DMPO/^‧^OH
----------------------------------------

The experiments monitoring the ascorbate radical suggest that AAOS will suppress the oxidative chemistry of redox active metals. To further test this we used EPR spin trapping with 5,5-dimethylpyrroline-1-oxide. Reduced metals, such as Fe^2+^, will react with hydrogen peroxide; this reductive reaction (Fenton reaction) will generate the hydroxyl free radical \[[@B23]\], which will react with DMPO yielding a unique EPR-detectable spin adduct \[[@B24]\]. Indeed when this reaction was initiated with Fe-ACC a robust EPR signal consistent with the formation of DMPO/**^‧^**OH was observed, **Figure**[4](#F4){ref-type="fig"}. However, when this same reaction was initiated with iron in an AAOS matrix, the EPR signal of DMPO/**^‧^**OH was reduced by over 60%. Parallel experiments with copper, showed similar results (a reduction of 50%), not shown. Thus, the AAOS matrix blunts the formation of DMPO/**^‧^**OH, consistent with a reduction in the oxidative flux in the system.

![**AAOS blunts formation of DMPO/^‧^OH**. Hydroxyl radical was generated by the Fenton reaction in aqueous solutions (20 mM HEPES pH 7.2) with DMPO (20 mM), H~2~O~2~(60 mM), Fe (0.9 mM), or copper (0.8 mM).](1475-2891-9-61-4){#F4}

3.4 Copper-Mediated Oxidation of Trolox^®^is Inhibited by AAOS
--------------------------------------------------------------

Trolox^®^is an analogue of vitamin E, a lipid soluble antioxidant; the phytyl tail of α-tocopherol has been replaced by a carboxyl group making Trolox^®^water-soluble \[[@B25]\]. It is an excellent tool to probe for antioxidant-capacity and free radical flux \[[@B26]\]. The one-electron oxidation of Trolox^®^results in the formation of a phenoxyl radical that is readily detected by EPR \[[@B27]\]. Using a Fenton system to initiate oxidations, we observed the formation of the Trolox^®^free radical upon the introduction of copper, **Figure**[5](#F5){ref-type="fig"}. The concentration of the Trolox^®^free radical was directly proportional to the amount of Cu^2+^introduced into the system, **Figure**[6](#F6){ref-type="fig"}. Thus, this system appears to be appropriate for determining the effectiveness of metals in initiating oxidation processes that will consume antioxidants.

![**The EPR spectrum of Trolox^®^phenoxyl radical**. EPR spectrum of the Trolox^®^phenoxyl radical formed upon addition of copper to a system of \[Trolox^®^\] = 2.8 mM and \[H~2~O~2~\] = 1.7 mM in carbonate buffer, pH 7.2. (blue) copper added as CuSO~4~(98 μM); (red) copper-AAOS. The isotropic EPR spectrum of the Trolox^®^phenoxyl radical is described by hyperfine splittings: a(CH~3~) = 5.2 G, and a(CH~3~) = 3.9 G, as reported in \[[@B26],[@B33]\], with other hyperfine splittings not resolvable under our experimental conditions.](1475-2891-9-61-5){#F5}

![**Trolox^®^radical formation is directly proportional to \[Cu^2+^\]**. The linear dose-response curve for addition of varying amounts of CuSO~4~to this system. (n = 3, standard deviations are shown.)](1475-2891-9-61-6){#F6}

When copper with different coordination environments or matrices was introduced into this system, the intensity of the EPR spectrum of the Trolox^®^radical varied with the environment. Copper sulfate produced a robust EPR signal of the Trolox^®^free radical; when gluconate was available to coordinate the copper, the EPR signal was reduced by about 15%; however, when copper was introduced in the AAOS matrix, the EPR signal intensity was reduced by approximately 50%, compared to CuSO~4~. This is consistent with the observations with ascorbate indicating that AAOS reduces the oxidative flux in the system.

3.5 The Rate of Oxidation of DCFH~2~by Copper is Slowed by AAOS
---------------------------------------------------------------

Another sensitive marker of oxidative flux is 2\'7\'-dichlorodihydrofluorescein \[[@B28]\]. Its oxidation results in the formation of the two-electron oxidation product, 2\'7\'-dichlorofluorescein (DCF); DCF can be observed by it absorbance or its fluorescence. Thus, we designed experiments that would follow the kinetics of the oxidation of DCFH~2~in systems with an oxidative flux. Upon introduction of CuSO~4~to this system there ensued a rapid oxidation of DCFH~2~to DCF, **Figure**[7](#F7){ref-type="fig"}. Introduction of copper as a gluconate complex slowed this oxidation marginally. However, AAOS decreased the initial rate of oxidation to just 25% of that observed for CuSO~4~. Thus, AAOS slowed the oxidation of a standard, complementary marker of oxidative flux.

![**The rate of oxidation of 2\'7\'-dichlorodihydrofluorescein by copper is slowed by AAOS**. DCFH~2~(200 μL of 90 μM in 20 mM carbonate buffer, pH 7.0) and 80 μL of mineral solution (100 μM in 20 mM carbonate, pH 7.0) were mixed in a standard UV-Vis cuvette; total volume 300 μL. The reaction was initiated by addition of 20 μL of 0.3% H~2~O~2~yielding a final concentration of 88 mM. The formation of DCF was followed by its absorbance at 500 nm.](1475-2891-9-61-7){#F7}

3.6 Conclusions
===============

Multivitamin/multimineral complexes are the most common dietary supplements. Besides quality ingredients and the amount of each ingredient in a product, bioavailability is a major concern. Unlike minerals in natural foods that are incorporated in bioorganic structures, minerals in dietary supplements are usually in an inorganic form: sulfates, chlorides, oxides *etc*. The ability of redox active metals to catalyze oxidations is dependent on the coordination environment of the metal. Here we have demonstrated that amino acid complexes of copper (glycinate or aspartate) hinder the catalytic ability of copper or iron compared to the sulfate form of these metals. However, including oligofructose in the matrix brought about an even greater decrease in ability of iron and copper to oxidize substances. Here we have clearly demonstrated that:

• AAOS slows the iron catalyzed oxidation of ascorbate;

• AAOS slows the copper catalyzed oxidation of ascorbate;

• AAOS slows the copper catalyzed oxidation of Trolox^®^, a vitamin E analogue;

• AAOS inhibits the formation of DMPO/**^‧^**OH generated by the Fenton reaction;

• AAOS slows the copper catalyzed oxidation of DCFH~2~, a widely used marker of oxidative flux.

Inulin appears to have many positive health effects \[[@B13],[@B29]-[@B33]\]. Our results suggest another positive effect of oligosaccharide in that AAOS offers significant advantages when included in the matrix for the formulation of dietary supplements.

Although not directly addressed in this research, it is reasonable to suggest that how multivitamin/multimineral supplements are formulated can influence the uptake of both the minerals and the vitamins. Here we monitored the oxidations initiated by the redox-active minerals; we not only observed the oxidation of both ascorbate (vitamin C) and Trolox^®^(a vitamin E analogue) by these minerals, but also surrogate indicators of oxidizing environments, DMPO and DCFH~2~. It can be hypothesized that the oxidations initiated by redox active forms of mineral supplements could also present an oxidative challenge to tissue upon ingestion. Thus, as always there are risks and benefits that need to be understood. Improved formulation of multivitamin/multimineral supplements could both decrease risks and increase benefits.

3.7 Abbreviations
=================

AAC: amino acid chelate; such as glycinate; AAOS: amino acid oligosaccharide; DCF: 2\',7\'-dichlorodifluorescein; DCFH~2~: 2\',7\'-dichlorodihydrofluorescein; DMPO: 5,5-dimethylpyrroline-1-oxide; EPR: electron paramagnetic resonance.
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